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The level of interest in conjugated materials has escalated substantially in the last twenty years with the development of various types of devices, some of which have now been established in the marketplace. Historically, conjugated polymers have represented the main type of material used in organic semiconductor applications, such as solar cells,​[2]​,​[3]​,​[4]​,​[5]​,​[6]​,​[7]​,​[8]​ light emitting diodes,​[9]​,​[10]​,​[11]​,​[12]​ field effect transistors,​[13]​,​[14]​ sensors,​[15]​,​[16]​ lasers​[17]​ and electrochromics.​[18]​,​[19]​,​[20]​ However, small molecules are alternatives to polymers that, in many cases, provide significant improvement in device efficiencies and performance. The pros and cons to both types of materials are manifold. Polymers can be prepared with good solubility so that cheap deposition methods can be used to manufacture devices (e.g. by spin-casting,​[21]​ screen printing,​[22]​ doctor-blading,​[23]​ ink-jet printing​[24]​ and roll-to-roll processing​[25]​). In contrast, films of small molecules tend to be processed by vacuum deposition which is an expensive alternative to solution-based techniques. Depending on the application and the physical characteristics of the small molecule, this economic off-set could be tolerable. Organic field effect transistors represent a good example of high performance at a cost. The best small molecules (e.g. rubrene, pentacene and its derivatives) can give hole mobilities in the range of 1–20 cm2 V–1 s–1,​[26]​ whereas the best polymer materials exhibit mobilities at least an order of magnitude less.​[27]​ Pentacenes and their analogues are expensive to make or buy, but their performance is clearly superior to polymers. One critical parameter for this particular application is the crystallinity and hence morphology of the organic semiconductor and the high level of ordering observed in small molecules is the dominating factor for attaining higher mobilities. In OLED applications, small molecules are versatile and commonly used as hole or electron injection layers and singlet or triplet emitters. One redeeming feature of these materials is their precise HOMO and LUMO energy levels and, being single well-defined molecules, these physical properties are completely reproducible between product batches. Also worth noting, for the same reasons given above, is that small molecules are being studied as organic donor and acceptor materials in organic solar cells.​[28]​,​[29]​
Well-defined and monodisperse oligomers can be considered to be intermediate of conjugated small molecules and polymers, and can feature the best of both sets of attributes. Precise HOMO/LUMO energy levels, high thermal stability, good solubility and excellent film-forming properties are common features that can be achieved in such materials. Moreover, the precise structure of the material is known (compared with polydisperse systems) and this makes our understanding of structure-property relationships much easier to establish.​[30]​ No single generic material is perfect and the main drawback of well defined oligomers is in their synthesis. The synthetic procedures are normally more complex than for small molecules and polymers requiring, in some cases, several iterative steps. 
Most -conjugated polymers and oligomers are one-dimensional (1D) chains with large intrinsic anisotropy. -Orbital delocalisation occurs along the chain, facilitating efficient movement of charge carriers and excitons through the backbone, but the migration of these species in the two other directions are slowed down. The latter limits the total electronic characteristics of 1D conjugated polymeric and oligomeric materials in the bulk, when they are disordered, and provides a large anisotropy for aligned 1D conjugated systems. Therefore, there is good reason to increase the dimensionality of conjugated systems into a second dimension. ​[31]​,​[32]​ The pioneering research of Geim and Novoselov on graphene, an isolated form of carbon with truly two dimensional conjugation, demonstrated exceptional electronic properties.​[33]​,​[34]​ A current boom is experienced in this field of science and many wonders are expected from this material.​[35]​,​[36]​,​[37]​ 




2. From 1D to 2D and 3D -Conjugated Oligomers  

Star-shaped oligomers are macromolecules that comprise several linear oligomers or arms joined together through a central structure (the core). Depending on the arrangement of the bonds between the arms and the core they can possess one of several different shapes. A flat, inflexible core usually provides an overall 2D geometry if the arms are rigid-rod structures, whereas non-planar centres provide a 3D architecture. Various fixed orientations of the conjugated spokes allow additional control over the supramolecular organisation of the materials at macroscopic and nanoscopic levels. The assemblies range from isotropic amorphous phases (avoiding undesirable aggregations, e.g. in light-emitting applications), to straightforward and precisely controlled long-range nanoscale assemblies, consisting of - stacks of flat 2D conjugates. 
The core not only controls the shape of the molecules but it defines the symmetry of the star-shaped system, with the whole molecule’s point group being the subgroup of the core’s symmetry. Some of the core structures used in the design of star-shaped -conjugates are represented in Figure 1, along with their symmetry point groups. 


Figure 1.  Symmetry of the commonly used core structures. 

Some consideration of the symmetry of a single repeat unit within an oligomer might be useful in establishing a generic connection between symmetric star-shaped structures and their linear counterparts. If the symmetry point group of the oligomer repeat unit comprises any rotational symmetry operations with an order greater than two, then applying the latter to the whole linear molecule is the most natural way to switch from a linear conjugated oligomer to a star-shaped system. Applying C3 or C6 symmetry (magenta symbols on Figure 2a), which are subgroups of the benzene point group (D6h), to a benzene unit in an oligo-p-phenylene chain creates a star-shaped system with three (Figure 2a, left) or six arms (Figure 2a, right), respectively. If only part of the monomer structure possesses rotational symmetry, not only does the above transformation create a star-shaped oligomeric system, it also generates a new core structure. Thus, applying C3 symmetry operations to oligofluorene (at the benzene ring with the magenta symbol, Figure 2b) provides two possibilities for creating trigonal oligomers –  with benzene (Figure 2b, left) and truxene cores (Figure 2b, right) – depending on which part of the oligomer is subjected to the symmetry operation (red or blue fragments of oligofluorene in Figure 2b). Such generic speciation of 2D systems through simple symmetry operations within linear structures makes benzene and truxene cores the most attractive targets for the synthesis of star-shaped oligofluorenes. Any axial symmetry of the molecule with an order greater than two can impart some electronic structural features, such as degeneracy of the HOMO and LUMO levels which can be exploited in electronic materials applications. 


Figure 2.  Generating star-shaped architectures by applying axial symmetry operations to linear systems. 

Star-shaped systems with four arms and a core symmetry of D2h (depicted in the Figure 1), on the other hand, provide cross-conjugation of the spokes by various pathways through the core that facilitates electronic communication between the arms. Such type of cross-conjugation provides an additional way of tuning the band gap of the materials or increasing the dimensionality of the donor-acceptor interactions.​[38]​,​[39]​,​[40]​
	The two basic synthetic strategies towards the design of well-defined, star-shaped systems follow divergent and convergent approaches. Both include synthetic methodologies commonly used in the synthesis of linear -conjugated oligomers and polymers (i.e. variations of commonly used Pd(0) catalysed coupling reactions) (Figure 3). 
The divergent approach (Figure 3, top), uses repetitive procedures, such as the following sequence: (i) coupling the ‘arm’ monomer units to the core ; (ii) terminal functionalisation of the arms; (iii) extension of the arms on the star-shaped core by further aryl-aryl coupling; (iv) terminal functionalisation of the arms; (v) extension of the arms on the star-shaped core by further aryl-aryl coupling; etc, etc. This strategy has an advantage of using a simple monomer building block at every coupling stage. However, for the synthesis of higher oligomers there is an increase in the difficulty of separating the target star-shaped oligomers from partially reacted, “under-derivatised” by-products at each of the reactions steps. This becomes more of a problem as the higher oligomers develop, since the properties of fully and partly substituted products converge with increasing molecular weight. 
The convergent strategy (Figure 3, bottom), affords a star-shaped system in one synthetic step by attaching pre-prepared oligomeric arms to the core unit. Synthetically, the protocols for the preparation of derivatised arms of different lengths are the same as those widely used in the synthesis of linear oligomers. The redeeming features of the strategy are: (i) the possibility to create the target star-shaped molecules in one step, by coupling easily accessible linear functionalised oligomers with a suitably functionalised core; and (ii) to use the procedure for core structures that are not stable towards halogenation. For these reasons, the convergent strategy has proved to be the most popular method adopted for the synthesis of star-shaped conjugated architectures.


Figure 3.  Divergent and convergent approaches for the synthesis of star-shaped oligomers. 

Another variant of the convergent strategy involves the creation of the core as a final step, using an appropriately functionalised arm precursor. Figure 4 illustrates some examples of this approach. Within the scheme, (a) reflects numerous examples for constructing a benzene core by using, for example, SiCl4- or TiCl4-mediated trimerisation of oligomers with a terminal acetyl functionality to afford star-shaped structures with three arms.​[41]​ The synthesis of star-shaped systems with a benzene core and six arms can be achieved by two methods (b,c). In the first case, scheme (b) depicts the trimerisation of symmetrically substituted acetylenes, catalysed by transition metal complexes (e.g. Co2(CO)8).​[42]​ Scheme (c) depicts the synthesis of hexagonal star-shaped systems with a benzene core by Diels-Alder reaction of tetrasubstituted cyclopentadienones with disubstituted acetylenes.​[43]​,​[44]​ It should be noted that this scheme allows the synthesis of six-fold symmetrical structures (D6) with identical arms, as well as two-fold structures (C2) using different arms for the acetylene and cyclopentadienone counterparts. This convergent core-creating approach can be used for the design of four-armed and eight-armed star-shaped systems, through the construction of symmetrically substituted porphyrins​[45]​ and phthalocyanines​[46]​ (schemes (d) and (e)).
 























Carbon, nitrogen, silicon and boron atoms have been used as cores to construct star-shaped oligophenylenes. The trigonal arrangement of boranes provides D3 and C3 symmetries for the 2D conjugated geometries of 6(n=1) and 6(n=2), respectively. The two propeller-like oligophenylenes 6(n=1-2), possessing electron deficient boron cores, are capable of binding to metal ions such as Zn(II) via the 2,2’-dipyridylamino chelating end-cap sites. The structures have been designed as three-coordinate, blue-emissive materials for application as fluorescent sensors for metal ions, or metal-modified nonlinear optical materials. Whilst the absorption spectra of these molecules are solvent independent, the photoluminescence spectra demonstrate red shifts with increasing solvent polarity (by ~30–40 and ~70–80 nm, for 6(n=1) and 6(n=2), respectively),​[52]​ indicating intramolecular charge transfer character in the excited state.​[53]​,​[54]​




















Figure 5.  Mode of anchoring of 3D star-shaped oligophenylenes terminated with surface active groups on the surface. Reproduced with permission from Ref. [61]


















Figure 6  Comparison of the photoluminescence spectra of (a) 10a(n=1) and (b) 10a(n=2) in films at different excitation intensities, normalized to the maximum of each spectrum. Reproduced with permission from Ref. [64].









Star-shaped oligophenylenevinylenes (OPV) 12 contain a methylium ion (i.e. a sp2 hybridised carbon atom) as the common attachment, which represents the simplest star-shaped 2D core possible.​[71]​ These tri(OPV)methylium cations 12 have been generated in strong acid media from the parent tri(OPV)methyl carbinol 13. Wittig –Horner methodology has been applied for creating both OPV carbaldehyde arm precursors 14(n=0-3) and attaching them to the core – triphenylmethane triphosphonate 15 (Scheme 1). During this latter step, the triphenylmethane’s C–H bond was spontaneously oxidised in air to the carbinol C–OH functionality. Further treatment with trifluoromethansulfonic acid generated carbocations 12 quantitatively and the tetrafluoroborate salts have been precipitated and isolated after adding HBF4 acid in acetic anhydride.
Whilst carbinols 13 absorbed light in the UV-Vis region (λabs = 333 → 403 nm for n = 1 → 4), strong ICT from the arms to the core in 12 was observed, leading to bathochromic shifts in absorption spectra down to the NIR region of the spectrum (λabs = 746 → 864 nm for n = 1 → 4). Using an empirical exponential for the (n) values,​[72]​ Meier et al. estimated the convergence limits, maxn=∞, at 415 and 879 nm, for 13 and 12 respectively. This gave the conjugation length for both series at ~8, which is smaller than that for linear OPV (10–11).70 


Scheme 1.  Synthesis of oligophenylenes with a carbocation core.









There is much interest in the development of organic materials for non-linear optics (NLO), particularly materials exhibiting large two-photon absorption (TPA) cross sections (δTPA), for a wide range of applications, e.g. fluorescence imaging of biological samples, optical power limiting, photodynamic therapy, 3D optical data storage and microfabrication. One of the most extensively investigated structural motifs in these studies is the donor––acceptor (D––A) dipole.​[75]​,​[76]​,​[77]​ Octupolar molecules combining a star-shaped, three-branched structure with dipolar donor-acceptor (D–A) branches attract much recent attention as materials with high NLO responses and possible applications in optical and optoelectronic devices.​[78]​,​[79]​,​[80]​ The donor-acceptor conjugate can exist between the arm and the core or between an end-capping functionality and the core with the arm acting as a -bridge. An advantage of such structrures over conventional linear D–A systems is that the second order harmonic response of octupoles does not depend on the polarisation of the incident light. Triphenylamine, as a strong donor, is widely exploited as a core unit in the design of 1D linear D––A dipolar and 2D octupolar NLO-phores. Below, we present several examples of 2D star-shaped oligomers based on a triphenylamine core and phenylenevinylene arms. This family of materials has substantial octupolar character and possesses NLO activity (particularly two-photon absorption, TPA) when the arms have an acceptor character, due to the incorporation of electron-withdrawing groups within the chain or functionalisation with electron-deficient end-caps.
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Figure 9.  2D-WAXS pattern recorded at 30 °C of 27 prepared as an extruded filament, (b) schematic representation of 27, and (c) schematic illustration of the helical columnar packing based on X-ray, CD and AFM data. Reproduced with permission from Ref. [89]. 












            (a)                                    (b)
Figure 10.  (a) Tapping mode AFM image showing fibres of 29a, drop-cast from water (10–5 M) onto a MICA surface (420 nm  420 nm). (b) Proposed mode of co-aggregation of 29a with C60. Reproduced with permission from Ref. [92]. 







Figure 11.  Digitated stars under an uncrossed polarised microscope when the isotropic liquid of 30d is cooled slowly and the schematic representation of the columnar aggregate of 30d in the liquid-crystalline state. Reproduced with permission from Ref. [93].








































The “snowflake-like dendrimer” 45a.b, a trigonal star-shaped OPE with lateral bulky aryl substituents at phenylene junctions within the arms, was designed for creating a specific microenvironment to provide encapsulation of the -conjugated arms which function as electron-transporting channels.​[104]​ Such an encapsulation provides an isolation of the arms from intramolecular interactions. The authors mentioned that it is difficult to synthesise such dendrimers by means of the simple application of divergent and/or convergent procedures. Instead, they applied site-selective synthesis of the dendrons, where an attachment of the encapsulating dendritic branches and an extension of phenylethynyl units were alternatively manipulated on the structure of 4-(Et2N3)-2,6-Br2-substituted diphenylacetylene using a combination of Suzuki and Sonogashira cross-coupling reactions. The UV absorption in THF features three maxima for 45b (292, 342 and 362 nm) and for 45a (287, 370 and 392 nm), with the shortest band being mainly attributed to the dendritic cone structure. The dendrimers emitted blue light (around 410 nm) with high ΦPL (0.5 for 45b and 0.7–0.8 for 45a). 


















	Both divergent​[119]​ and convergent​[120]​ synthetic approaches have been used to construct star-shaped oligofluorenes 49 with a benzene core. The materials are amorphous (Tg = 47–91oC fron n=1 to n=4) and show high thermal stability (Td > 400oC). Similar to linear oligofluorenes, they emit light in the deep blue/blue region (~350–450 nm) with high quantum yields in both solution and solid state (ΦPL = 0.41–0.82 and 0.43–0.58, respectively). The photoluminescence spectra feature fine vibronic structure, which is characteristic of rigid-rod conjugated systems. Progressive red shifts are observed for both absorption and emission spectra with an increase in the length of the arms. CV experiments demonstrated reversible or quasi-reversible electrochemical oxidation and reduction, generating stable radical cations and radical anions, respectively. The redox processes take place on each of the arms, which behave as independent electroactive units with no electronic communication through the meta-connections of the core.119 Cation radicals of 49(n=2-4) show two distinct Vis/NIR absorption waves in spectroelectrochemistry experiments (~500–600 nm and ~1400–2000 nm),119 similar to that observed for linear oligofluorenes in pulse radiolysis (solutions, r.t.) and γ-irradiation (solid matrix, 100 K) experiments.​[121]​ 
	Truxenes can be considered as three overlapped fluorene units sharing a central benzene ring, such that the unit has virtually “no core” structure. Replacing the small benzene core in oligomers 49 with the larger truxene core (oligomers 50), results in small bathochromic shifts in both absorption and emission spectra (decrease with an increase of n) and an increase in Tg (63–116 oC).​[122]​ Compared to 49 the truxenes retain high quantum efficiency of photoluminescence, high thermal stability and reversible/quasi-reversible redox processes.121 Molecular and electronic structures of oligomers 50 have been studied experimentally by Raman spectroscopy and theoretically by DFT method.​[123]​ Both series of oligomers demonstrated blue electrogenerated luminescence (ECL) by ion annihilation, with ECL emissions observed at the same positions as fluorescence emissions.119,​[124]​ Nanosized oligofluorene-truxenes 50(n=3,4) (d = 6.4 and 8.0 nm) have been recently used in various photonics applications. Photocurable composites based on the UV-transparent negative photoresist 1,4-cyclohexanedimethanol divinyl ether (CHDV) blended with oligomer 50(n=4) have been recently used to produce fluorescent microstructures of crosslinked polymer by direct laser writing (Figure 12a,b)​[125]​ and solventless inkjet printing (Figure 12c).​[126]​,​[127]​ 






Figure 12.  (a) SEM images of direct laser written lines of microstructures into CHDV:0.5wt% 50(n=4) blend (left) and close up image (right). (b) Optical microscopy images of 4:5 Lissajous structure written in CHDV:1wt% 50(n=4) resulting in a line width of 2.5mm, observed under white-light (left) and 368 nm (right) illumination. (c) Photoluminescence spectrum of a single photoexcited micro-dot, together with (inset) optical micrographs of the full photoexcited array [a] and a single-photoexcited micro-dot [b]. Reproduced with permission from Ref. [124, 125].


Light amplification studies of 50(n=4) revealed a low lasing threshold of 270 W cm–2, attributed to low amplified spontaneous emission (ASE) threshold and a very low waveguide loss coefficient of 2.3cm–1, with distributed feedback (DFB) laser wavelength tuning range of ~25 nm.​[128]​ An even broader tuning range of emission of 51 nm (from 422 to 473 nm, with a minimum threshold density of 515 W cm–2) was very recently demonstrated for a DFB laser based on oligomer 50(n=3) (Fig. 13).​[129]​ 


Figure 13. Laser emission spectra of 50(n=3) in the tuning range of 422–473 nm for different combinations of grating period and film thickness. Reproduced with permission from Ref. [128].

Truxene-based oligomers with six oligofluorenes arms (51) demonstrated bright blue emission with high ΦPL (0.64–1.00 in solution, 0.50–0.90 in films), while due to steric hindrance between the core and arms (and consequently lower degree of conjugation) they also showed some blue shifts of their absorption and emission maxima compared to the tri-substituted analogues 50.​[130]​ Again, low threshold DFB lasers (109 W cm–2), tunable from 421 to 443 nm, have been demonstrated for star-shaped oligomers 51(n=3). 
	Convergent synthesis exploiting Sonogashira coupling of tri(ethynyl)truxene with 2-bromo-oligofluorenes was used to synthesise star-shaped oligofluorenes 52.​[131]​ While solution and solid state absorptions, and solution photoluminescence maxima of oligomers 52(n=1-3) show only minor bathochromic shifts of 4–11 nm compared to their analogues 50(n=1-3) without ethynylene linkers between the truxene and oligofluorene arms, solid state emission spectra demonstrate a pronounced red shift by 45–67 nm, possibly due to some ordering in the condensed phase (aggregation and/or formation of excimers). Similar behaviour, i.e. large red shifts in the solid state emission spectra compared to solutions (and small difference between absorption maxima in solution and solid state), was also observed for star-shaped truxene-core oligomers with oligo(ethynylenefluorenylidene) arms 57(n=1-4).​[132]​ Moreover, both series of oligomers, 52 and 57, demonstrate unusual length dependence of solid state emission: the expected red shift is observed from the monomer (n = 1) to the dimer (n=2), whereas further increase of the number of fluorene units in the arms results in hypsochromic shifts of λPL and a change in the shape of the photoluminescence spectra {λPL = 447 → 470 → 462 nm [52(n=1→3)],130 442 → 468 → 467 → 451 nm [57(n=1→4)]131} (Fig. 14). 













Figue 14.  Photoluminescence spectra of 57(n=1-4) in THF solution (a) and in films (b), and EL spectra of OLED devices in ITO/PEDOT:PSS/polyTPD and PVK/57(n=2-4)/Ca/Al configuration (c); n = 1 (TOEF1), 2 (TOEF2), 3 (TOEF3), 4 (TOEF4). Reproduced with permission from Ref. [131].

Yang et al. have reported star-shaped oligofluorenes 53, in which the truxene core is replaced with isotruxene, breaking the C3 symmetry of the system.​[133]​,​[134]​ The para-/ortho-branched isotruxene scaffold results in stronger coupling between the oligofluorenes arms, compared to the links in isomers 49 in which the truxene core has meta-linkages. Similar to their analogues 49, oligomers 53 are well-soluble amorphous materials with excellent thermal (Td = 390–403 oC) and electrochemical stability (reversible or quasi-reversible electron transfer in both oxidation and reduction) and emit blue light with high quantum yields (ΦPL = 0.77–0.79). However, in contrast to oligomers 49 they showed very little chain-length dependence of their oxidation and reduction potentials as well as their emission spectra (Eox1/2 = 0.61–0.60 V, Ered1/2 = –2.74–2.71 V, λPL = 430–438 nm for n = 1–4), which is explained by the integration of the isotruxene core into conjugated pathways between the arms. This elongated conjugation leads to saturation for short oligomers with n = 2–3. 




	Huang et al. have synthesised tri- and hexa(oligofluorene)-substituted triazatruxenes 54 and 55 via the Suzuki-Miyara coupling protocol, exploiting a convergent approach.​[140]​,​[141]​ These hetero-analogues of oligomers 50 and 51, show bright blue emission (slightly red-shifted by ~30–50 nm compared to oligomers 50 and 51) with high quantum efficiencies characteristic of other star-shaped and linear oligofluorenes (up to 1.0 in solutions and 0.9 in films). The electron-donating triazatruxene core elevates the HOMO level of the oligomers leading to better hole-injection/transporting properties. Single-layer solution-processed OLEDs have been fabricated using oligomers 54 as the emitting layer (ITO/PEDOT:PSS/54/Ba/Al). The best device performance had been achieved with compound 54(n=3), showing a rather low turn-on voltage (3.3 V), high EL efficiency (2.16%), high brightness (7714 cd m–2 at 10 V) and maximum luminance of 1.56 cd A–1, with CIE coordinates of EL (0.16, 0.15).139 The same configuration of devices with hexasubstituted oligomer 55(n=3) also showed deep blue EL (CIE 0.15, 0.09) with high EL efficiency (2.0%) and maximum luminous efficiency (2.07 cd A–1) and somewhat lower brightness (1343 cd m–2 at 16 V),140 although higher brightness (5545 cd m–2) was achieved in devices with 55(n=2).​[142]​ Moreover, blending 55(n=2) with uncapped polyfluorene gave highly efficient devices (ΦEL = 2.95% and maximum luminous efficiency of 2.33 cd A–1) with stabilised blue emission (no green band appeared during device operation, which is often observed in PF-based devices due to oxidation and formation of fluorenone defects).​[143]​,​[144]​,​[145]​,​[146]​ Several other efficient OLEDs of different configurations were demonstrated with these oligomers 55(n=2,3), as well as amplified spontaneous emission.​[147]​
	A convergent synthetic approach, which is more common in the construction of star-shaped oligofluorenes, was also used in the synthesis of efficient (ΦPL up to 95% in films) blue-emitting cross-conjugated cruciform oligomers 56 possessing a pyrene core.​[148]​,​[149]​ They have been tested as emitters in single layer OLEDs (ITO/PEDOT:PSS/56/CsF/Al) showing sky-blue EL (CIE 0.20, 0.32), achieving a brightness of 2716 cd m–2 and maximum luminous efficiency of 1.75 cd A–1 (for 56(n=3).147 These materials possess encouragingly low laser thresholds and relatively high thermal and environmental stability.148 The ASE threshold was found to remain unaffected by heating at temperatures up to 130 oC, i.e. 40 to 50 oC above the glass transition temperatures of the oligomers. 1D DFB lasers with 75% fill factor and 320 nm period showed optical pumping down to 38–65 W cm–2 and wavelength tuning range of ~40 nm around 471–512 nm. As discussed above, the excellent lasing properties of different series of oligofluorenes 50, 51, 55, 56 indicate the great potential of 2D star-shaped conjugated architectures for laser applications.




For donor-bridge-acceptor systems, in cases of donor > bridge > acceptor energy alignment, the energy transfer is weakly dependent on the bridge length, which behaves as a coherent wire.​[152]​,​[153]​,​[154]​,​[155]​ Triads 62 with an Alq3 core, oligofluorene arms and platinum porphyrin end-caps have been designed to study energy level/distance-dependenence in energy transfer processes (Figure 15).​[156]​ The materials showed effective singlet and triplet energy transfer from the Alq3 core onto the porphyrin site through the oligofluorene bridge, which behaves as a molecular wire. The materials emitted red light with high colour purity. They have been studied as active layers in OLEDs, demonstrating improved device performance for longer oligofluorene bridges (by more than one order of magnitude) where better triplet energy level alignment was observed.


Figure 15. Structure and energy alignments in triads 62(n=1-4) (shown as 1a-1d in the Figure). Reproduced with permission from Ref. [155]




























Among all classes of -conjugated polymers, polythiophenes possess the most unique combination of efficient conjugation length, chemical stability and synthetical versatility for tuning their optical and electronic properties, making them among the most frequently used -conjugated materials for organic electronic devices.10,​[170]​,​[171]​ The versatility of thiophene chemistry​[172]​ defines the huge number of oligothiophenes synthesised, not only traditional linear oligomers but also oligomers of higher dimensionalities and novel topologies (star-shaped oligothiophenes, macrocycles, helix structures of linear oligothiophenes, dendrimers).​[173]​,​[174]​,​[175]​ They not only play an important role as models for understanding the electronic processes in polymers but also occupy their own niche for electronic applications and as nanomaterials. Below we review 2D and 3D star-shaped oligothiophenes of various cores, shapes and substitution patterns and their application as active components in organic electronic devices.
Tetrachlorosilane-mediated cyclotrimerisation of 2-acetyloligothiophenes 69a,b(n=1,2) has been used in the synthesis of star-shaped oligothiophenes with a benzene core (70a,b(n=1,2)) (Scheme 2).​[176]​ Among the compounds bearing an unblocked α-position 70a(n=1,2) only 70a(n=2) has been successfully electropolymerised (itself or in a mixture with 2,2'-bithiophene) to form a cross-linked polymer.


Scheme 2.  Synthesis of star-shaped oligothiophenes by SiCl4-mediated formation of a benzene core from acetylthiophenes 

Kumada cross-coupling of 1,3,5-tribromobenzene or 1,3,5-tris(4-bromophenyl)benzene with oligothienyl magnesium bromide has been used in the convergent synthesis of star-shaped compounds with a benzene core (71a,b) (Scheme 3).​[177]​ They have been used for the fabrication of OFETs, but the materials showed very low mobilities.The best mobility was achieved for oligomer 71a(n=3) (2 × 10–4 cm2 V–1s–1), which had a low on/off ratio of 102.


Scheme 3.  Synthesis of star-shaped oligothiophenes by convergent methodology using Kumada cross-coupling reaction.









A divergent strategy has been employed for the synthesis of star-shaped oligothiophenes 78(n=1-4)​[181]​ with a truxene core, using iterative Suzuki coupling and bromination procedures. A similar approach has been applied in the preparation of compounds 79(n=1,2) with ethylenedioxythiophene (EDOT) units in the arms, exploiting the Negishi coupling protocol.​[182]​. Six hexyl chains on the truxene core provided good solubility for the target compounds even without additional solubilising groups in the arms. Oligomers 78(n=1-4) have been used for the fabrication of OFETs,​[183]​ exhibiting a maximum hole mobility of 1.03 × 10-3 cm2 V-1 s-1 and on/off ratio of ~103 for the smallest conjugate 78(n=1). 




















Thiophene and 3,3’-bithiophene units have been used as cores to yield X-shaped (87a,b)​[189]​ and swivel-cruciform (88a,b) oligothiophenes,​[190]​ exploiting divergent and convergent synthetic approaches, respectively. 
The absorption spectra of 87a(n=1), 87b(n=1) and 87a(n=2) were very similar for THF solutions and films, and the bands were quite broad due to the existence of different conjugation pathways. The optical HOMO-LUMO gaps decreased in the order 87a(n=1) > 87b(n=1) > 87a(n=2) (2.96, 2.89 and 2.47 eV, respectively). Compounds 87a(n=1), 87b(n=1) and 87a(n=2) showed emission maxima in THF at 491, 494, 547 nm, respectively. The fluorescence spectra of films were significantly blue-shifted for 87a(n=1) (464 nm) and 87b(n=1) (473 nm), but slightly red-shifted for oligomer 87a(n=2) (556 nm). Electropolymerisation of compounds 87a(n=1,2) resulted in polymers with very broad absorption bands around 400–500 nm and emissions around 610 nm. Comparative studies of compounds 87a(n=1), 87b(n=1) and 87a(n=2) in bulk heterojunction photovoltaic cells with PCBM as an acceptor demonstrated increases in power conversion efficiency () from 0.04 to 0.8%, short circuit current (Jsc) from 0.29 to 3.65 mA cm-2 and the maximum of incident photon to current efficiency (IPCE) from 4.2 to 31.6%, with increasing length of the arms ​[191]​. 




Bäuerle and co-workers have reported the synthesis of a series of dendritic-type oligothiophenes (up to 90-mer, 89a-b) as a novel class of monodisperse 3D hyperbranched oligothiophenes. The materials are highly soluble and do not require functionalisation with long chain alkyl groups, which are generally required for solubilising linear oligothiophenes.​[193]​ The longest conjugation pathway in dendrimer 89b involves 16 thiophene units, yet the dendrimer exhibited an hypsochromic shift in its absorption spectrum (max = 387 nm), compared to its linear 16T oligothiophene (464 nm) due to steric hindrance between the branches, which causes inter-ring distortions and a decrease in the effective conjugation length. The multiple chromophores in dendrimer 89b provide a large Stokes shift of 167 nm. Synthesis of dendrimer 89b involved a final step of CuCl2 oxidative coupling of the lithiated dendron 90 (Scheme 4). Bulk heterojunction solar cells constructed from dendron 90 and PCBM had the following characteristics: Voc = 1.0 V, Jsc = 3.29 mA cm–2 and  = 1.12% under standard AM1.5G. 


Scheme 4. Synthesis of dendrimer 89 from dendron 90. Colours show chromophore fragments of different conjugation lengths.









































Direct linkage of the oligothiophene arms to a tetrahedral silicon core to form 3D rigid-rod structures has been realised in oligomers 102a,b, prepared by the condensation of oligothienyllithium with tetrachlorosilane.​[206]​ Small changes in solubilising end-capping substituents change the degree of solid-state ordering of the oligomers: whilst the absorption spectra of oligomer 102b in solution and in vacuum-deposited films are near identical, films of 102a (compared to solutions) showed a bathochromic shift and an appearance of vibronic structure (384 → 406, 427 nm). Non-optimised photovoltaic devices fabricated with these 3D oligomers showed better efficiency compared to linear 2,5’’-dihexylterthienyl ( = 0.17–0.20 % vs 0.04 %).














9. Summary and Outlook
















Figure 1.  Symmetry of the commonly used core structures. 

Figure 2.  Generating star-shaped architectures by applying axial symmetry operations to linear systems. 

Figure 3.  Divergent and convergent approaches for the synthesis of star-shaped oligomers. 

Figure 4.  Convergent syntheses of star-shaped architectures with simultaneous formation of the core structure. 

Figure 5.  Mode of anchoring of 3D star-shaped oligophenylenes terminated with surface active groups on the surface. Reproduced with permission from Ref. [61]

Figure 6  Comparison of the photoluminescence spectra of (a) 10a(n=1) and (b) 10a(n=2) in films at different excitation intensities, normalized to the maximum of each spectrum. Reproduced with permission from Ref. [64].

Figure 7.  Atomic force microscopy (AFM) phase images of (a) 26d, (b) 26c, and (c) 26e. (d) Small-angle X-ray scattering (SAXS) pattern for 26c and 26d powder samples (intensities shown are on a log scale. Inset shows a simplified diagram of intercolumnar packing of 26c). (e) Wide-angle X-ray diffraction (WAXD) pattern for 26c and 26d powder samples. o-OXA-X = 26c, p-OXA-X 26d. Reproduced with permission from Ref. [87]. 

Figure8.  AFM tapping mode phase images of 27 deposited from heptane solutions (1.1  10–5 M ) on silicon wafer: (a) scan size = 500 nm), (b) scan size = 200 nm and (d) on HOPG (scan size = 1 µm). (c) STM image of 27 at the 1-phenyloctane-HOPG interface. The unit cell is indicated. The longer dashed and shorter solid white lines connect the terminal phenyl groups of similarly oriented OPV units along unit cell vector b. Reproduced with permission from Ref. [89].

Figure 9.  2D-WAXS pattern recorded at 30 °C of 27 prepared as an extruded filament, (b) schematic representation of 27, and (c) schematic illustration of the helical columnar packing based on X-ray, CD and AFM data. Reproduced with permission from Ref. [89]. 

Figure 10.  (a) Tapping mode AFM image showing fibres of 29a, drop-cast from water (10–5 M) onto a MICA surface (420 nm  420 nm). (b) Proposed mode of co-aggregation of 29a with C60. Reproduced with permission from Ref. [92]. 

Figure 11.  Digitated stars under an uncrossed polarised microscope when the isotropic liquid of 30d is cooled slowly and the schematic representation of the columnar aggregate of 30d in the liquid-crystalline state. Reproduced with permission from Ref. [93].

Figure 12.  (a) SEM images of direct laser written lines of microstructures into CHDV:0.5wt% 50(n=4) blend (left) and close up image (right). (b) Optical microscopy images of 4:5 Lissajous structure written in CHDV:1wt% 50(n=4) resulting in a line width of 2.5mm, observed under white-light (left) and 368 nm (right) illumination. (c) Photoluminescence spectrum of a single photoexcited micro-dot, together with (inset) optical micrographs of the full photoexcited array [a] and a single-photoexcited micro-dot [b]. Reproduced with permission from Ref. [124, 125].

Figure 13. Laser emission spectra of 50(n=3) in the tuning range of 422-473 nm for different combinations of grating period and film thickness. Reproduced with permission from Ref. [128].

Figue 14.  Photoluminescence spectra of 57(n=1-4) in THF solution (a) and in films (b), and EL spectra of OLED devices in ITO/PEDOT:PSS/polyTPD and PVK/57(n=2-4)/Ca/Al configuration (c); n = 1 (TOEF1), 2 (TOEF2), 3 (TOEF3), 4 (TOEF4). Reproduced with permission from Ref. [131].

Figure 15. Structure and energy alignments in triads 62(n=1-4) (shown as 1a-1d in the Figure). Reproduced with permission from Ref. [155]. 

Figure 16.  Photographs of the fluorescent solutions of EB/ssDNA and EB/dsDNA in the absence (left) and presence (right) of 2µm 67 under 365nm UV radiation. [ssDNA or dsDNA] = 0.020 µm and [EB] = 2µm. Reproduced with permission from Ref. [166].









Scheme 1.  Synthesis of oligophenylenes with a carbocation core.

Scheme 2.  Synthesis of star-shaped oligothiophenes by SiCl4-mediated formation of a benzene core from acetylthiophenes 

Scheme 3.  Synthesis of star-shaped oligothiophenes by convergent methodology using Kumada cross-coupling reaction.
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